According to receiver operating characteristic analysis, the DmCO:Vcap ratio displayed higher sensitivity and specificity than TLC, vital capacity and DLCO in identifying ILD in our study group (p ! 0.01). Conclusions: These results suggest that the partitioning of DLCO might be of interest for identifying ILD in SSc patients.
beneficial from a prognostic standpoint, and systematic screening for SSc-ILD is thus recommended [3] . Recognition of SSc-ILD depends on the diagnostic methods used, increasing from approximately 30% with chest radiography to approximately 90% with high-resolution computed tomography (HRCT) [4] . HRCT is the most sensitive and specific tool for the detection of SSc-ILD and is reliable, noninvasive and reproducible [5, 6] . However, HRCT is not repeated systematically for screening purposes because of cost and exposure to ionizing radiation. Pulmonary function tests (PFTs) are used for screening purposes, as alterations in PFTs often precede symptoms or changes in chest radiography [7] . However, normal spirometry cannot rule out early ILD, as deteriorated PFTs are found in only approximately 50% of patients with early SSc-ILD [8] . Moreover, as noted by others, PFTs are limited by the wide range of normal values (80-120%); thus, in an individual patient, a result equal to 80% of the predicted value may not have changed from premorbid levels but may, equally, represent a fall of up to 40% [9] .
Even in asymptomatic SSc patients, PFTs [including spirometry and single-breath diffusion capacity of the lungs for carbon monoxide (DLCO)] and a Doppler echocardiography are recommended at least annually in addition to clinical examination [10] . A standardized algorithm based on symptoms and Doppler echocardiography allows early diagnosis of pulmonary arterial hypertension (PAH) and left ventricular (LV) abnormalities, which are two major complications of SSc [10, 11] . PFTs are regarded as limited by the wide range of normal values (80-120%), calculated from the age, gender and height of the patient [9] . Among PFTs, a reduction in DLCO is one of the earliest detectable functional abnormalities in SSc-ILD [3] . However, reduced DLCO is also a hallmark of PAH and LV failure [12, 13] . Moreover, the specificity of a decrease in DLCO is poor, as SSc patients without PAH and/or an LV abnormality and/or ILD may have a DLCO as low as approximately 65% of the predicted value [14] .
DLCO can be partitioned into two transfer components or conductances, namely membrane conductance for CO (DmCO), which reflects the diffusion properties of the alveolar capillary membrane, and CO loading on hemoglobin (Hb), which is the product of the CO-Hb chemical reaction rate ( CO) and the mass of Hb in the alveolar capillary blood volume (Vcap). Because these two conductances are in series, they are related by the equation proposed by Roughton and Forster [15] : 1/DLCO = 1/DmCO + 1/ Vcap. A decreased DmCO is interpreted as a 'thickening' of the alveolo-capillary membrane or as a decrease in lung area, and a decreased Vcap is viewed as a lowered blood volume in the ventilated alveoli [16] .
It has been established that the currently recommended screening algorithm enables the diagnosis of PAH and/or LV failure with appropriate sensitivity and specificity [10, 11] . The current study was designed to examine whether partitioning DLCO might be more accurate than DLCO alone to detect SSc-ILD in those SSc patients without any identified cardiac and/or pulmonary vascular abnormality.
Methods

Patients
The study was conducted in consecutive patients referred either to the Department of Dermatology or to the Department of Internal Medicine of the University Hospital of Besançon for evaluation of SSc between June 2010 and May 2011. The disease was classified as of the diffuse cutaneous or limited cutaneous subtype, according to the current classification system [17] . All patients underwent a physical examination, laboratory testing (including a complete blood cell count and antinuclear, anticentromere and anti-SCL-70 antibody assessments), HRCT of the chest, PFTs including spirometry and DLCO and Doppler echocardiography. Systolic left heart failure was defined by an LV ejection fraction ! 55% and diastolic heart failure as an early diastolic mitral annular velocity ! 10 cm/s associated with a ratio of mitral peak velocity of early filling to early diastolic mitral annular velocity 1 15. Right heart catheterization (RHC) was performed in patients with a tricuspid regurgitation velocity jet of more than 3 m/s and in patients with unexplained dyspnea along with a tricuspid regurgitation velocity jet of more than 2.5 m/s [10] . The following patients were excluded from the study: patients with pulmonary hypertension defined by a mean pulmonary artery pressure higher than 25 mm Hg as measured during RHC and patients with LV failure defined by a pulmonary artery occlusion pressure higher than 15 mm Hg.
Healthy subjects with no history of cardiopulmonary disease and with normal chest radiography and physical examination findings served as control subjects.
The study protocol was approved by the Ethics Committee of our institution (CPP Est II). All subjects gave their informed consent.
Pulmonary Function Tests
Forced expiratory volume in 1 s, forced vital capacity, vital capacity and total lung capacity (TLC) were assessed with standard PFT equipment (Sensor Medics, Yorba Linda, Calif., USA). Measurements were performed according to the European Respiratory Society guidelines.
DLCO was measured by a single-breath method breathing room air of 21% O 2 and inhalation of a gas mixture [0.3% CO, 0.3% methane (CH 4 ) and 21% oxygen (O 2 ) balanced with nitrogen] from residual volume to TLC followed by a 10-second breath hold, as recommended. The two components of DLCO, DmCO and Vcap, were determined using the following equation is the subject's Hb concentration in g/dl. DLCO was also measured under hyperoxic conditions with a gas mixture containing 0.3% CO, 0.3% CH 4 and 80% O 2 . A plot of 1/DLCO against 1/ was obtained, and 1/DmCO was given by the y-intercept and 1/Vcap by the slope of the straight line. The linearity of the relation had been previously verified in healthy controls using three different oxygen concentrations (21, 50 and 80%). All measurements were obtained in duplicate. Results were expressed as absolute values and as percentages of predicted values calculated using the reference equations described by Zanen et al. [18] .
Chest HRCT Scans HRCT scans were obtained using a standardized protocol. Briefly, patients were scanned with 1-or 2-mm collimation at 10-mm intervals from lung apices to bases during suspended end inspiration while in the prone position without intravenous contrast. Images were reconstructed with a high spatial frequency algorithm. The following HRCT scan findings were recorded: pure ground-glass opacities (defined as increased lung attenuation in the absence of reticular interstitial thickening or architectural distortion); lung fibrosis (defined as reticular intralobular interstitial thickening, traction bronchiectasis, bronchiectasis or any combination thereof), and honeycomb cysts (defined as clustered air-filled lung cysts with contiguous walls) [19] . HRCT scans were read independently by two experimental radiologists blinded to the results of PFTs. HRCT was performed within the 6 months before or after PFTs. Patients without any HRCT scan finding related to ILD were assigned to the SSc-ILD-group, and patients with at least one finding related to ILD were assigned to the SSc-ILD+ group.
Statistical Analyses
The number of patients was decided according to the principal objective of the study, which was to estimate the predictive capacities and in particular the sensitivity of the ratio of DmCO to Vcap for the detection of ILD among patients with SSc. This number has been linked to the precision of the expected sensitivity [14, 20, 21] . It has been found that a sample of 30 patients (with SSc and without any cardiac involvement) is necessary in order to obtain a precision of 8 15% of the sensitivity (binomial law, confidence interval at 95%) in the diagnosis of ILD [22] .
Data are expressed as medians (1st-3rd quartile) for continuous variables and numbers (percentages) for categorical variables. Comparisons between more than two groups were performed with the Kruskal-Wallis test. Comparisons between two groups were performed with the Mann-Whitney U test. A 2 test was used for differences in frequency.
Receiver operating characteristic (ROC) curves were constructed to illustrate the power of different PFT indexes to detect ILD over an entire range of cutoff values. The overall diagnostic accuracies of the tests were estimated using the area under the ROC curve.
A p value ! 0.05 was considered significant. Analysis was performed using Statview, version 5.0 (SAS Institute, Cary, N.C., USA).
Results
Patients
Forty-nine patients with SSc were screened between April 2010 and March 2011. Among them, 3 had LV failure, 3 had PAH, 1 had PAH and ILD, 4 refused to participate and 3 were unable to perform valid PFTs (1 with ILD and 2 without any cardiac or pulmonary complication). The 35 remaining patients were studied. Among them, 22 had a normal HRCT scan (SSc-ILD-group), whereas 13 had HRCT features of ILD (SSc-ILD+ group). The abnormal HRCT findings in this group included lung fibrosis in 10 patients, areas of pure ground-glass opacities in 11 patients and/or honeycomb cysts in 5 patients.
Comparison of characteristics between SSc-ILD-patients and SSc-ILD+ patients is shown in table 1 . SSc-ILD+ patients were older than SSc-ILD-patients but were not different in terms of gender, height and body mass index. SSc-ILD+ patients more often had diffuse SSc and anti-SCL-70 antibodies than SSc-ILD-patients.
Pulmonary Function Tests
The main results of the PFTs are shown in table 2 . As expected, SSc-ILD+ patients had lower lung volumes compared to SSc-ILD-patients. However, no signs of obstructive airway disease were found in either of the patient groups.
DLCO was impaired in both patient groups as compared with controls. SSc-ILD+ patients had significantly lower DLCO [expressed as percentage of predicted values (%pred)] than SSc-ILD-patients (p = 0.02; fig. 1 ). Both SSc-ILD+ and SSc-ILD-patients had reduced DmCO compared to controls. The difference in DmCO between SSc-ILD-patients and controls was modest but significant although lung volumes were similar. DmCO (%pred) and Vcap (%pred) were significantly different between the two groups of patients. However, both DmCO and Vcap values overlapped in the two groups of patients, a finding also observable for DLCO and lung volumes ( fig. 1 ). The DmCO:Vcap ratio was much lower in SSc-ILD+ than in SSc-ILD-patients, with minimal overlap ( fig. 1 ). ROC analysis showed that a cutoff value of 0.27 for the DmCO:Vcap ratio identified SSc-ILD+ patients with a sensitivity of 85% and a specificity of 100% (p ! 0.0001; fig. 2 ). The sensitivity of DLCO, with a cutoff of 67% of the predicted value, was 54%, and the overall specificity was 91% (area under the curve = 0.75, p = 0.005).
Comparison of ROC analysis showed that the DmCO: Vcap ratio was more sensitive and specific for identifying SSc-ILD+ than TLC, vital capacity and DLCO (p ! 0.01).
Discussion
The main result of this study is that the DmCO:Vcap ratio was more sensitive and specific than any of the other PFT results for identifying ILD (according to HRCT scan criteria as a diagnostic gold standard) in SSc patients presenting for an annual systematic follow-up.
ILD is present in a large proportion of patients with SSc and constitutes one of the two main causes of death in SSc [1] . ILD is usually slowly progressive in patients with SSc. However, in a small number of cases, it may progress rapidly to end-stage respiratory insufficiency [23] . Rapid detection of the disease is of importance as it should allow for the initiation of treatment (mostly immunosuppressant treatment) with minimal delay [7] . HRCT represents a reliable, noninvasive and reproducible tool for detecting and monitoring ILD in patients with SSc. Since SSc-associated ILD may develop in the absence of dyspnea, HRCT is recommended in SSc patients, together with PFTs, at the onset of the disease [24] . However, HRCT is not repeated systematically but only when PFT results deteriorate (i.e. values of lung volumes and DLCO) [25] . Nevertheless, some studies have raised concerns about the ability of lung volumes and DLCO to diagnose early forms of ILD in SSc patients, as only approximately 50% of patients with SSc-ILD diagnosed by HRCT show deteriorated PFT results early in the disease course [8] . Thus, the DmCO:Vcap ratio should represent a routinely available, noninvasive functional test allowing early detection of ILD in SSc patients for early therapeutic purposes.
In our series, we found the classical association between SSc-ILD and diffuse SSc with anti-SCL-70 antibodies. However, some patients with limited SSc and/or with anticentromere antibodies had SSc-ILD. As previously noted, these findings may justify screening for ILD in all SSc patients regardless of the subtype of SSc and antibodies present [25] . In a series of 90 patients with SSc, Launay et al. [25] reported that the majority of them (56%) presented with HRCT features of ILD. In some series of patients, ILD signs have been identified in up to approximately 90% of patients with SSc [4] . We found SSc-ILD in only 13 of 35 patients (37%). It is likely that these differences were due at least in part to the patients' characteristics with regard to the subtypes of SSc. Indeed, ILD is more frequent in diffuse SSc, and this subtype was more frequent in the study by Launay et al. [25] (43%) than in the current study (34%). We did not systematically perform a 6-min walk distance test because it has been shown that many confounders and comorbidities, such as pain and musculoskeletal dysfunction, reduce the reliability and validity of this test for SSc [7] .
Concerns have been raised previously about the usefulness of the partitioned DLCO for the detection of PAH in SSc patients [14] . Overbeek et al. [14] retrospectively studied 11 SSc patients with PAH, 13 SSc patients without PAH and 10 controls; although DmCO was lower in SSc patients with PAH, the authors found no correlations between DmCO and hemodynamic parameters and therefore concluded that partitioned DLCO was not of interest in the diagnostic workup for PAH in SSc patients. In the study by Overbeek et al. [14] , reticular and ground-glass opacities were scored in SSc patients according to the system described by Kazerooni et al. [26] . Fibrosis scores were similar in SSc patients with and without PAH, but the numbers of patients with and without ILD in each group were not given [14] . However, it is likely that the presence of ILD could have interfered with the results of this latter study. In order to avoid confounding factors, we excluded those patients with either PAH and/or heart failure. The rationale for excluding these patients was that DLCO and its components, DmCO and Vcap, are altered by PAH and LV failure, rendering it difficult to determine the respective contribution of ILD, PAH and LV failure to the alterations in DLCO, DmCO and Vcap.
We found that DmCO was decreased in the SSc-ILD+ group as compared with both the control and SSc-ILDgroups. This result was expected because a decrease in DmCO is interpreted as a 'thickening' of the alveolocapillary membrane and/or as a decrease in the alveolocapillary membrane surface [16] . In the ILD-SSc+ group, a decrease in membrane surface is likely to be in relationship with the decrease in lung volumes [27] . However, we observed an increase in Vcap in the SSc-ILD+ group compared with the other two groups. This finding was unexpected, as a decrease in the alveolo-capillary membrane surface has been shown in some conditions to lead to a decreased blood volume [27] . One can speculate that this observation is due to the fact that the SSc-ILD-group had more patients with limited SSc with preclinical vasculopathy and thus reduced Vcap. This hypothesis is unlikely because Vcap (%pred) was not significantly different between patients with limited and diffuse SSc (data not shown). Theoretically, an association between a low DLCO, a low DmCO and a high Vcap can be found in the case of high pulmonary venous pressure, such as in LV failure, pulmonary veno-occlusive disease and/or compression of the pulmonary veins [28] . In our patients, pulmonary vein compression was excluded by means of HRCT. However, because of the high prevalence of diastolic left heart dysfunction and pulmonary veno-occlusive disease in SSc, it is not possible to definitively rule out the hypothesis that a mild form of diastolic left heart dysfunction or pulmonary veno-occlusive disease, unable to alter Doppler echocardiography and/or RHC, may have been involved in our patients. As an example, in the algorithm published by Hachulla et al. [10] , RHC is not performed in patients with a tricuspid regurgitant velocity ! 2.5 m/s. Thus, this algorithm is unable to indicate whether or not some SSc patients with a tricuspid regurgitant velocity ! 2.5 m/s have pulmonary hypertension.
As discussed elsewhere, the acquisition of DmCO might be prone to inaccuracy, as a small change in the slope of the 1/DLCO-1/ line can lead to a large change at the y-intercept that determines DmCO [14] . However, this potential error is likely to be systematic and thus unlikely to significantly bias the different value spans in the patient groups. In addition, duplicate measurements were performed in order to reduce the uncertainty of measures. An alternate method consisting of simultaneously measuring DLCO with the lung diffusing capacity for nitric oxide has been developed in order to overcome some of the inaccuracy in the acquisition of DmCO [29] . Calculation of DmCO and Vcap with this latter method has been recently discussed and remains debated [30, 31] . Nevertheless, practical measuring equipment that gives quick and reproducible results for simultaneous singlebreath DLCO and lung diffusing capacity for nitric oxide is being developed, and the clinical applications of this technique should be studied in patients with SSc.
Although the results reported here are promising, they need to be validated by prospectively studying a new cohort. However, as SSc is not a frequent disease, such a validation in our single center is not feasible and requires a multicenter prospective study using the criteria defined from the data we have shown.
In conclusion, we found that the DmCO:Vcap ratio was more sensitive and specific than any of the other PFT results for identifying patients with HRCT signs of SSc-ILD among SSc patients without PAH and/or LV failure. The clinical usefulness of a screening procedure including the DmCO:Vcap ratio in SSc patients remains to be established by a prospective validation study.
